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Abstract 
Thermophilic anaerobic digestion (at 55ÛC) of microcrystalline cellulose was investigated in batch experiments using 
microcrystalline cellulose as the sole carbon source and anaerobic digestion sludge (ADS) as the seed sludge. The 
original culture was able to produce 566.0 ml/l methane with 14.7% degradation of the substrate in 380 hours. In 
order to enhance the thermophilic degradation efficiency of the mixed culture, ADS was enriched at 55ÛC for 18 days. 
The enriched consortium was able to degrade 100% cellulose in 140 hours with stable production of acetate (6770.2 
mg/L), methanol (2674.3 mg/L) as the major products. 16S rDNA analysis of the enriched mixed culture revealed 
that the dominant members of the cellulose-degrading consortium fell into to the genus of Thermoanaerobacterium (4
clones out of total 9 clones), Bacillus (2 clones), Tepidiphilus (2 clones) and 1 unknown strain.  
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of [name organizer] 
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1.  Introduction (Heading 1) 
Cellulosic biomass, as the most abundant biomass on the planet, has great potential in bioenergy 
production [1]. Among the various methods to produce energy from cellulose, thermophilic anaerobic 
fermentation has aroused great research recently. To enrich effective cellulose-degrading microbial 
consortium is the crucial part for thermophilic degradation of cellulosic substance. Natural sources of 
cellulolytic bacteria most widely studied include compost of ruminants, soil, sediment and silt deposit in 
geothermal sources [3-5]. Some artificial sources were also proposed [6,7]. Sludge from the anaerobic 
digester was able to provide a hydrogen yield of 1.53 mol H2 / mol-glucose equivalent with substrate 
conversion rate of 37% using corn stover as the substrate [2]. However, among the various culture 
sources studied, anaerobic digestion sludge, one of the most common seed microflora for anaerobic 
fermentation study has seldom been reported for its capacity of cellulose degradation. As a result, the 
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objectives of this study were to testify the capacity of ADS in converting microcrystalline cellulose into 
target products under thermophilic (55ÛC) condition, and identify the major bacteria in the enriched 
microbial consortium. 
2. Experimental methods 
2.1. Batch Experiment 
Anaerobic digestion sludge (ADS) used as the seed sludge was collected from Shatin wastewater 
treatment plant (Hong Kong). The total suspended solid (TSS) and volatile suspended solid (VSS) of the 
seed sludge were 13.7 g/l and 11.2 g/l, respectively. 
In the batch experiment, each 550 ml serum bottle was filled with 20 ml of ADS (20% v/v) as the seed 
sludge and 80 ml of growing medium to forming a working volume of 100 ml. Microcrystalline cellulose 
(50 m, Sigma, USA) was used as the sole carbon source at the concentration of 10 g/L. The chemical 
composition of the growing medium solution was as follows (gram per liter): NaHCO3 5.9, K2HPO4 5.0, 
KH2PO4 4.0, NaCl 0.52, CaCl2 0.035, MgSO4·7H2O 0.07, NH4Cl 1.5, and 1 ml trace element solution. 
The trace element solution was prepared according to a previous report [8]. The initial pH was adjusted to 
6.0 with 1M HCl. The serum bottle was then sealed with the butyl rubber stopper and the aluminum seal, 
and then purged with argon for 5 min to ensure the anaerobic environment inside the bottle. The bottles 
were incubated in water bath at 55ÛC with constant stirring at 120 rpm. All the batches were conducted in 
duplicates, plus control. The results presented were the average value of two replicates subtracted by the 
control value.  
2.2. Enrichment Experiment. 
1 L five-neck flask was used at the semi-reactor for the sequential enrichment of ADS at 55ÛC. 200 ml 
ADS (25% v/v) was filled with 600 ml growing medium to form a working volume of 800 ml to start up 
the enrichment reactor. The reactor was purged with argon for 15 min after inoculation. The pH inside the 
reactor was maintained at pH 6.0 by a pH controller (pH-201, MSITECH, Singapore). Each enrichment 
batch was stopped when no more gas production was observed. The whole mixed slurry was centrifuged 
at 4000 rpm for 25 min at the end of each enrichment batch to collect the bacteria cells. The pellet was 
applied to inoculate the subsequent enrichment batch with new substrate supplemented. 
2.3. Product measurement  
The volume of gas produced was monitored daily using glass syringes. The percentages of hydrogen, 
methane and carbon dioxide in the gas phase were measured by a gas chromatograph (GC) (Hewlett–
Packard 5890II, USA) equipped with a thermal conductivity detector (TCD).  
Volatile fatty acids (VFAs) and alcohols were determined according to using a second GC (6890N, 
Agilent Technologies, USA) with a flame ionization detector (FID). TSS, VSS, total nitrogen (TN) and 
ammonia-nitrogen (NH4-N) were determined according to the Standard Methods [9]. The degradation 
efficiency of microcrystalline cellulose was calculated based on the mass balance of chemical oxygen 
demand (COD) as described before [10]. The biomass was estimated from the loss of ammonia nitrogen 
in the liquid following a previous report [10]. 
2.4. Microbial Analysis 
The mixed culture after thermophilic enrichment was analyzed to identify the major bacterial 
populations. Genomic DNA of was extracted from 500 mg enriched solid sample with a FastDNA® SPIN 
Kit for Soil (MP Biomedicals, LLC, Illkirch, France). Polymerase chain reaction (PCR) was performed to 
amplify the 16S rDNA using an automated thermal cycler (iCycler® Bio-Rad, Hercules, CA, USA) under 
conditions of an initial denaturation at 95°C for 7 min followed by 35 cycles of denaturation at 95°C for 
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1min, annealing at 55°C for 1min, and extension at 72°C for 10 min. Universal primers set 8F 1392R 
were used. Then the PCR products were purified and further cloned according to [11]. The closest species 
of the obtained sequences were identified by BLASTn [12]. The sequences in this study and the reference 
sequences retrieved from the GenBank were aligned by BioEdit to construct phylogenetic trees using the 
neighbour-joining method by MEGA 5.0. 
3. Results and discussion 
3.1. Enrichment effects on cellulose degradation 
In order to promote the cellulose utilization efficiency at thermophilic condition, ADS underwent four 
sequential enrichment batches. Substrate composition of each batch, as shown in TABLE I, shifted at 
different enrichment stages. A mixture of glucose, cellubiose and microcrystalline cellulose was used as 
substrate for the initial and the 1st enrichment batch. For the 2nd and 3rd enrichment batches, 
microcrystalline cellulose was the sole carbon source. Each enrichment batch was stopped when no more 
biogas was generated. The run time for the enrichment batches was around 140 h, which was 63.2% 
shorter than the period of 380 h before enrichment.  
TABLE I SUBSTRATE COMPOSITION FOR THE ENRICHMENT BATCHES
Nitrogen Source Carbon Source 
Batch Yeast 
extract 
g/l
Peptone
g/l
Ammonia
Chloride
g/l
Glucose
g/l
Cellobiose
g/l
Cellulose 
g/l
Initial 0.75 1.50 - 4.00 3.75 2.50 
1st 0.75 1.50 - - 2.00 7.30 
2nd 0.75 1.50 - - - 9.70 
3rd - - 1.35 - - 9.70 
-: the type of substrate is not added 
1) Effect on gas phase 
Methane was the major valuable gas product. The amount of methane generated was 566.0 ml CH4
per liter of working volume before enrichment (Fig. 1 (a)) and 483.3 ml/L after enrichment (Fig. 1 (c)). 
Comparing to Fig. 1 (b), hydrogen production was promoted after enrichment. The hydrogen yield for the 
3rd enrichment batch was 15.8 ml H2 /g-cellulose (Fig. 1 (d)). This moderate hydrogen yield was lower 
than 145.8 ml H2/g-cellulose, using anaerobic sludge treating corn stover [2], but higher than 3.4 ml H2/g 
VS when digested grass silage using swine manure [13]. 
2) Effect on liquid phase  
Acetate was the dominant VFA product both before and after enrichment (TABLE II). The proportion 
of acetate in liquid products slightly increased from 59.4% to 68.7% after enrichment. This increase 
together with the increased H2 production indicated a gradually accumulation of hydrogen producing 
population in the microbial consortium which was later confirmed by microbial analysis. The 3rd 
enrichment batch gave a stable methanol production of 8.7mmol MeOH /g-cellulose (0.28 g MeOH/g-
cellulose).In addition, methanol was observed as the major alcohol produced before and after enrichment, 
while ethanol the major alcohol reported in most of the literature [14,15]. Thereby, this phenomenon of 
methanol generation via liquid phase fermentation from cellulose deserves further study because it might 
reveal a new approach for biomethanol production. 
TABLE II MAJOR ALCOHOLS, VFAS PRODUCED AND CORRESPONDING CHEMICAL OXYGEN DEMAND VALUE 
Batch Methanol mg/L 
Acetate
mg/L 
Propionate
mg/L 
Butyrate 
mg/L 
Gas phase
mg/L 
Liquid
Phase 
mg/L 
Biomass 
mg/L 
Before enrichment 142.8 297.5 N/A 60.3 1341.7 297.3 100.3 
3rd enrichment 
batch
2674.3 6770.2 193.9 221.6 1706.0 11931.8 2053.6 
N/A:  not detected 
The COD of liquid phase was calculated from the liquid product of VFAs a
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Figure2  Hydrogen and methane production by ADS at 55ÛC before and after enrichment. (a) and (b) : Before enrichment; (c) and 
(d) : 3rd batch after enrichment. 
3) Effect on Degradation efficiency 
Before enrichment 14.7% of microcrystalline cellulose substrate was utilized in 380 hours (TABLE 
II), however the sum of COD value of the gas, liquid and biomass phase products (15691.4 mg/L) 
exceeds the total COD of microcrystalline cellulose substrate (11494.5 mg/L) by about 36%. This 
phenomenon on one hand illustrated the inevitable variation of biological process, on the other hand 
represented a complete degradation of cellulose substrate within 140 h after enrichment. Biomass 
accumulated up to 2252.8 mg/L during the 3rd enrichment batch while ammonia nitrogen concentration
decreased from 208.0 mg/L to around 70 mg/L. 
3.2. Phylogenetic analysis 
Phylogenetic tree using 16S rDNA sequence is showed in Fig. 5. It illustrates that the microbial 
consortium after enrichment was composed of three major bacterial groups. Out of 9 clones obtained, 4 
were affiliated with the strictly anaerobic thermophilic genus of Thermoanaerobacterium, forming a 
cluster with 100% bootstrap value with eight known species. Some species of the genus like T. 
thermosaccharolyticum have been utilized in the lignocellulose degradation study for its ability to 
effective degrade glucose and xylose in the hydrolysate of lignocellulose.  
Two of the clones construct a cluster with 100% bootstrap value with two known species of 
Bacillaceae, plus Geobacillus debilis (accession number: FN428699) and Bacillus thermozeamaize
(accession number: AY288912). Both of the clones had 100% similarity with the species in this cluster. 
Cellulolytic Bacillus is normally presented in the ruminant dung [16].  
Another two clones were closely related to the genus Tepidiphilus, forming a cluster (100% bootstrap) 
with Tepidiphilus and an unknown species of Petrobacter (accession number: DQ539621). Strain X1-7 
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( )
and -14 respectively have 99% and 100% of similarity to the three species in the cluster. By now, no 
strains of Tepidiphilus has been proved to be cellulolytic.  
The last one clone X1_12 Xia did not belong to any known genus. The closest species of it was 
Thermoanaerobacterium thermosulfurigenes (accession number: L09171) with similarity of 68.3%. Its 
function in the cellulose degradation is not clear at this moment. 
Figure 1. Phylogenetic tree based on 16S rDNA sequence analyses, showing microbial communities structure of the enriched 
mixed culture of ADS. Database accession numbers are shown in parentheses after species. Bar indicates a distance of 0.02 
nucleotide difference per sequence position.  
4. Conclusions 
Anaerobic digestion sludge from a local wastewater treatment plant has been used to investigate the 
temperature effect on anaerobic fermentation of microcrystalline cellulose. After gradually acclimation 
for 18 days, the original mesophilic seed sludge has fully adapted to the thermophilic growing condition 
proved by the fact that all the clones, except for the unknown strain, developed from the sludge at the end 
of the enrichment experiment, were all thermophilic. And the enriched microbial consortium presented 
great cellulolytic capacity with a 100% degradation efficiency in 140h. 
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